The mechanism of inhibition of cytochrome (cyt) c oxidase by nitric oxide (NO) has been investigated by stopped flow transient spectroscopy and singular value decomposition analysis. Following the time course of cyt c oxidation at different O 2 /NO ratios, we observed that the onset of inhibition: (i) is fast and at a high NO concentration is complete during the first turnover; (ii) is sensitive to the O 2 /NO ratio; and (iii) is independent of incubation time of the oxidized enzyme with NO. Analysis of the reaction kinetics and computer simulations support the conclusion that inhibition occurs via binding of NO to a turnover intermediate with a partially reduced cyt a 3 -Cu B binuclear center. The inhibited enzyme has the optical spectrum typical of NO bound to reduced cyt a 3 . Reversal of inhibition in the presence of O 2 does not involve a direct reaction of O 2 with NO while bound at the binuclear center, since recovery of activity occurs at the rate of NO dissociation (k ‫؍‬ 0.13 s ؊1 ), as determined in the absence of O 2 using hemoglobin as a NO scavenger. We propose that removal of NO from the medium is associated with reactivation of the enzyme via a relatively fast thermal dissociation of NO from the reduced cyt a 3 -Cu B center.
The mechanism of inhibition of cytochrome (cyt) c oxidase by nitric oxide (NO) has been investigated by stopped flow transient spectroscopy and singular value decomposition analysis. Following the time course of cyt c oxidation at different O 2 /NO ratios, we observed that the onset of inhibition: (i) is fast and at a high NO concentration is complete during the first turnover; (ii) is sensitive to the O 2 /NO ratio; and (iii) is independent of incubation time of the oxidized enzyme with NO. Analysis of the reaction kinetics and computer simulations support the conclusion that inhibition occurs via binding of NO to a turnover intermediate with a partially reduced cyt a 3 -Cu B binuclear center. The inhibited enzyme has the optical spectrum typical of NO bound to reduced cyt a 3 . Reversal of inhibition in the presence of O 2 does not involve a direct reaction of O 2 with NO while bound at the binuclear center, since recovery of activity occurs at the rate of NO dissociation (k ‫؍‬ 0.13 s ؊1 ), as determined in the absence of O 2 using hemoglobin as a NO scavenger. We propose that removal of NO from the medium is associated with reactivation of the enzyme via a relatively fast thermal dissociation of NO from the reduced cyt a 3 -Cu B center.
It is known that, over and above its extraordinary role as a messenger (1) , nitric oxide (NO) 1 may be toxic under many pathophysiological conditions (2, 3) . The mechanisms of NO toxicity are largely unknown, and several biological macromolecules (including some mitochondrial enzymes) have been proposed as possible targets. Cleeter et al. (4) first reported reversible inhibition of respiration by NO and proposed that binding of endogenous NO to cyt c oxidase may play a role in some neurodegenerative diseases such as Parkinson's disease; thus understanding of the mechanism by which NO inhibits cyt c oxidase is of medical interest. Brown and Cooper (5) , working with brain synaptosomes, found that NO is a powerful inhibitor of cyt c oxidase (K i ϭ 270 nM at [O 2 ] ϭ 140 M), yet inhibition is quickly reversible in the presence of O 2 . The ability of NO to efficiently compete with O 2 and the quick reversal of the inhibition are not easily understood on the basis of what is known about the kinetics and thermodynamics of the reaction of these two gases with the reduced cyt a 3 -Cu B binuclear center (6, 7) .
Binding of NO to fully reduced cyt c oxidase involves the formation of a complex with the Fe 2ϩ of cyt a 3 (6, 8) 
; under some conditions NO was reported to bind also to Cu B ϩ (9) . When the oxidized enzyme was incubated with NO, the magnetic coupling between cyt a 3 3ϩ and Cu B 2ϩ relaxes, and the EPR signal of cyt a 3 was detected (10). Recently Torres et al. (11) , on the basis of experiments carried out with the detergent-solubilized enzyme, postulated that the inhibited state is a complex of NO with reduced cyt a 3 and proposed that Cu B plays a key role in the mechanism of inhibition. In this article we report rapid-mixing stopped flow spectroscopic experiments, which provide a clue to the mechanism of inhibition of beef heart cyt c oxidase by NO and its reversal in the presence of O 2 .
MATERIALS AND METHODS
Cytochrome c oxidase from beef heart was purified according to the method of Soulimane and Buse (12); this preparation protocol, which yields a homogeneous "fast" enzyme, was used throughout. Oxidase concentration is expressed as functional units (cyt aa 3 ). Stock solutions of NO (Air Liquide, Paris, France) were prepared before use by equilibrating degassed buffer in a tonometer ([NO] in solution ϭ 2 mM at 20°C). Lauryl maltoside was from Biomol (Hamburg, Germany). Horse heart cyt c (type VI) and ascorbate were from Sigma. Ruthenium hexamine was from Aldrich. Cyt c concentration was determined using the extinction coefficient (reduced Ϫ oxidized) ⌬E ϭ 19 mM Ϫ1 cm Ϫ1 at 550 nm. Stopped flow experiments were carried out either with a DurrumGibson instrument equipped with a diode array (TN6500; Tracor Northern, Madison, WI) or with a sequential stopped flow spectrophotometer (DX.17MV; Applied Photophysics, Leatherhead, United Kingdom). The diode array stopped flow spectrometer can acquire up to 80 spectra of 1024 elements; the following time acquisition mode was used throughout: 30 spectra from 10 ms to ϳ1.5 s; 20 spectra up to ϳ40 s; and the last 10 spectra up to ϳ140 s. Data analysis was carried out with MATLAB (MathWorks, South Natick, MA) running on an Intel 486-based computer. Time-resolved optical spectra were analyzed by SVD according to the method of Henry and Hofrichter (13) . Kinetic simulations were carried out using a differential equations solver algorithm implemented by Dr. E. Henry (National Institutes of Health, Bethesda, MD) running on a Silicon Graphics work station. Fig. 1 shows the result of a double mixing * This work was partially supported by Ministero dell'Universitá e della Ricerca Scientifica e Tecnologica of Italy (40% Live protein) and by European Union Grant SC1-CT91-0698 (CAESAR Project; to M. B. and G. B.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
RESULTS AND DISCUSSION
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¶ To whom correspondence should be addressed: Dipartimento di Scienze Biochimiche "A. Rossi-Fanelli," Universitá di Roma "La Sapienza," Piazzale le Aldo Moro 5, 00185 Rome, Italy. Tel.: 39-6-4450291; Fax: 39-6-4440062. 1 The abbreviations used are: NO, nitric oxide; cyt, cytochrome; SVD, singular value decomposition. stopped flow experiment designed as shown in Scheme I. An anaerobic solution of oxidized oxidase was mixed with a degassed buffer with or without NO; after a preset delay (e.g. 10 ms) this mixture was mixed (second mixing) with an air-equilibrated solution of cyt c NO Inhibition during Turnover-When oxidase in air is mixed with an anaerobic solution of ascorbate and ruthenium hexamine containing NO, reduction of the enzyme will be associated with binding of either O 2 or NO (if present) and eventually will lead to inhibition. 3 Since inhibition was shown to be reversible (4, 5) , it is also expected that under excess O 2 enzymatic activity will be restored. Fig. 2 shows the time courses and the relevant optical species detected under three experimental conditions. It may be seen that the initial species (the fully oxidized enzyme, Fig. 2 , spectrum a) decays in approximately 0.1 s to a first intermediate (Fig. 2 , spectrum b) characterized by a peak growing at 444 nm, indicating partial reduction of the hemes. The fate of this intermediate is different depending on experimental conditions: (i) in the absence of O 2 and in the presence of NO ( Fig. 2A , dotted line) a second relaxation (ϳ0.2 s) yields a stable species (Fig. 2 , spectrum c) with two maxima at 430 and 442 nm, typical of NO-bound fully reduced oxidase; (ii) in the absence of NO ( Fig. 2A , dashed line) spectrum b shifts to a turnover intermediate (Fig. 2, spectrum 2 NO stock in dilute buffer or water was taken to be 2 mM from solubility; its final concentration drops with manipulations, due to contaminating O 2 , which is known to react with NO to generate NO 2 Ϫ , according to a complex mechanism with the following stoicheiometry (14):
The rate law for this reaction is second order in NO and first order in O 2 , with a rate constant of k ϭ 2.3 ϫ 10 6 M Ϫ2 s Ϫ1 (14). 3 Using deoxyhemoglobin as an NO indicator, we have shown that in the presence of ascorbate and ruthenium hexamine the NO concentration does not change for more than 1 h. On the other hand, addition of 50 mM dithionite to a 200 M solution of NO in buffer destroys NO completely in much less than 50 s (in agreement with the literature, e.g. Ref. 15 ). When degassed, oxidized oxidase was mixed with a solution of NO preincubated with excess dithionite, the enzyme was initially reduced (t 1 ⁄2, ϳ1 s) but thereafter and very slowly (many minutes to 0.5 h) converted to the nitrosylated derivative. These observations confirm that NO reacts with dithionite and that some product of this reaction ), characterized by a main peak around 428 nm; when O 2 is exhausted, the enzyme becomes fully reduced (Fig. 2 , spectrum e); and (iii) in the presence of both NO and O 2 , (Fig. 2A , solid line) spectrum b relaxes (ϳ0.5 s) to the NO-bound, fully reduced form (spectrally identical to that seen in the absence of O 2 ; Fig. 2, spectrum c) ; this NO complex, however, is not stable, and it is seen to decay (t 1 ⁄2, ϳ50 s) to the turnover intermediate (Fig. 2, spectrum d , observed as the main species in the absence of NO). After oxygen exhaustion, the enzyme again becomes fully reduced, with spectral features identical to Fig. 2 , spectrum e, observed in the absence of NO, showing that meanwhile NO has disappeared from solution by reaction with O 2 (14) .
The relatively quick conversion of the NO derivative (Fig. 2,  spectrum c) into the main turnover intermediate (Fig. 2, spectrum d) shows that, in the presence of excess O 2 , inhibition is reversed, and oxidase function is recovered. Mixing directly the NO-bound, reduced oxidase with an excess of O 2 (Fig. 3A) the initial species decays into the turnover intermediate, following a biphasic time course (Fig. 3A, inset) . SVD analysis shows that the fast phase (k ϭ 0.13 s
Ϫ1
) corresponds to NO dissociation from, and coupled to oxidation of, cyt a 3 , whereas the slow phase (k ϭ 0.02 s
) mainly represents cyt a oxidation (Fig. 3B) . Since the first rate constant is much greater than typical values reported for dissociation of NO from other reduced heme proteins (such as hemoglobin; Ref. 17), the question is whether NO is chemically modified by reaction with O 2 while on the enzyme or whether it dissociates from the reduced binuclear center as such. Given that this question is crucial to our understanding of reversal of inhibition, and thus of the regulatory role of NO at the mitochondrial level, we have independently determined the rate constant for NO dissociation in the absence of O 2 by a different experimental approach.
Dissociation of NO from Reduced cyt c Oxidase in the Absence of O 2 -This
was determined by mixing under anaerobic conditions the NO derivative of reduced oxidase with excess deoxyhemoglobin in the presence of a small amount of dithionite. Hemoglobin (12 M total heme) was in excess with respect to total NO (25 M total heme) to efficiently trap any free NO as it dissociates from oxidase. The raw data are reported in Fig. 4 as absolute (Fig. 4A) and difference (Fig. 4B) spectra. Despite the unfavorable signal/noise ratio, SVD analysis allows us to sort out spectral species and their time courses. The most relevant optical component, occurring at k ϭ 0.13 s Ϫ1 (Fig. 4C,  dashed line) , combines the spectral contributions of NO dissociation from reduced cyt a 3 and NO binding to deoxyhemoglobin. Indeed, by subtracting from this deconvoluted difference spectrum the contribution of NO binding to reduced cyt a 3 obtained independently (Fig. 4C, solid line) , the resulting difference is similar to the optical transition characteristic of NO binding to hemoglobin (Fig. 4D) .
The bottom line of this experiment is that NO dissociates from reduced cyt a 3 with the same rate constant (k ϭ 0.13 s Ϫ1 ) both in the presence and in the absence of O 2 . Therefore, we conclude that reversal of NO inhibition does not demand some chemical reaction between O 2 and bound NO but occurs via NO dissociation from the fully reduced cyt a 3 -Cu B center.
Computer Simulations-A possible mechanism to account for NO inhibition has been tested by computer simulations. The redox states of the cyt a 3 -Cu B binuclear center involved in this model are shown in Fig. 5 ; each of these represents several substates, because cyt a and Cu A , although included in the simulation as a two-electron acceptor site, are not indicated in the scheme.
The main features of this model are: (i) the appearance of reduced Cu B or cyt a 3 occurs at k 1 ϭ 15 s Ϫ1 , independent of the redox state of the other metals; (ii) Cu B and cyt a 3 are in fast redox equilibrium (k 2 ϭ 1 ϫ 10 3 s Ϫ1 and k Ϫ2 ϭ 1 ϫ 10 5 s Ϫ1 ), Cu B having a higher redox potential, as inferred from flash photolysis studies (18) ; see Refs. 6 and 19); and (v) the oxidation of the partially reduced cyt a 3 -Cu B site (with bound oxygen), proceeding at K 0 , is rate-limited by the transfer of the second electron to this site; thus this rate approximates the rate of the internal electron transfer (k 0 Ϸ k 1 ).
As proposed by Torres et al. (11) , crucial to this mechanism is the difference in reactivity of O 2 and NO with the half-reduced states of the binuclear center. Nevertheless, in that article (11) they proposed that of the two possible half-reduced species of the binuclear center, reduced Cu B is the preferential NO binding metal, whereas we propose that reduced cyt a 3 is the target (see below).
Using the model of Fig. 5 , we were able to simulate (Fig. 6 ) the fast onset of inhibition of oxidase activity, the high inhibitory effect, and the competition between O 2 and NO seen in pre-steady-state and steady-state experiments. It is noteworthy that in steady-state experiments, simulation predicts halfinhibition at an O 2 /NO ratio of ϳ30, to be compared with the value of ϳ40 experimentally determined by Torres et al. (11) .
Concluding Remarks-The onset of inhibition of cyt c oxidase by NO was time resolved by double mixing stopped flow experiments carried out using cyt c 2ϩ as the electron donor. At the highest NO concentrations, the onset of inhibition is complete within the first turnover. The onset of inhibition was sensitive to the NO/O 2 ratio, a finding consistent with the dependence of inhibition on [O 2 ] (5, 20). Moreover, we have observed that incubation (up to 30 min) of the oxidized anaerobic enzyme with NO has no effect on the onset of inhibition. This finding suggests that even if binding to oxidized Cu B had occurred, it would be irrelevant with respect to inhibition.
Time-resolved optical spectroscopy shows (Fig. 2) that the inhibited state of the enzyme is the fully reduced NO derivative of cyt a 3 , in agreement with Torres et al. (11) . The inhibition was found to be reversible. The nitrosyl derivative generated during the first second(s) decays to a fully active turnover intermediate, optically indistinguishable from the one generated at steady state in the absence of NO (see Fig. 2B ). After oxygen is exhausted, the enzyme becomes fully reduced, showing that over the same period NO has run out of solution, because of the reaction with free oxygen (14) . Our observations account for the recovery of respiration observed by others (5, 20) in the presence of O 2 , based on experiments in the time range of minutes.
The rate at which NO is displaced by O 2 from the cyt a 3 2ϩ -NO adduct (with recovery of function) was found to be equal to the rate of NO dissociation in the absence of O 2 (k ϭ 0.13 s Ϫ1 ); the latter was determined by mixing the nitrosyl derivative of oxidase with excess deoxyhemoglobin (used as a NO scavenger). This finding seems to exclude that O 2 reacts with NO while bound to reduced cyt a 3 and indicates that recovery of activity occurs via NO dissociation, driven by removal of free NO from the bulk. The measured rate constant for NO dissociation is faster than expected based on comparison with other heme proteins; for example, the rate constant for NO dissociation from hemoglobin R state is 10 Ϫ3 /10 Ϫ4 s Ϫ1 (17) . This unexpected finding poses some problem of interpretation. The structure of the binuclear cyt a 3 -Cu B center, now known at atomic resolution from crystallography (21, 22) , unfortunately provides no clue to explain this observation. A possible role of Tyr 244 on subunit I in providing H bonding to bound NO may be envisaged but cannot be assessed at this point.
Since affinity for NO much higher than that for O 2 ; our results support and extend this hypothesis. We have simulated the onset of inhibition of cyt c 2ϩ oxidation and the O 2 /NO competition under turnover conditions, using the kinetic scheme shown in Fig. 5 ; this scheme accounts for the observations and describes successfully the O 2 /NO competition, which, together with the high inhibitory efficiency of NO, is a particularly compelling feature of the experimental data. In particular, simulation of O 2 consumption under steady-state conditions shows that half-inhibition is achieved at an O 2 /NO ratio of ϳ30, consistently with the findings of Torres et al. (11) . However, we believe that inhibition by NO depends crucially on the rapid and tight binding of NO to reduced cyt a 3 and not to reduced Cu B in the half reduced binuclear center, as reported by Torres et al. (11) . In fact, since binding of O 2 to reduced Cu B has been reported to have very low affinity (6, 19) , direct competition of NO for this reduced metal would not account for both the high inhibitory effect and the observed competition. Brown and Cooper (5), working on brain synaptosomes, reported that in the presence of 30 M O 2 the oxidase activity was half-inhibited at 60 nM NO. Thus, the apparent K I for NO estimated here is about 10-fold higher than that determined by Brown and Cooper (5) yet compatible with the NO concentrations determined with different stimulated tissues (0.1-5 M; see Ref. 23 ). The origin of this discrepancy, if real, remains to be understood.
In conclusion, we provide new evidence that, because of its peculiar reactivity with a partially reduced cyt a 3 -Cu B binuclear center, NO is a potent but reversible inhibitor of oxidase. Thus our data support the view that oxidase inhibition by NO may occur in tissues even under physiological conditions. Indeed, during cellular stress and depending on the relative concentrations of NO and O 2 , the presence of NO may lead in the extreme to serious cellular damage and onset of pathology.
